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Catalyst stability is one of the greatest challenges faced for the utilization of 
heterogeneous catalysts in the development of biomass conversion to chemicals and fuels. As 
many biomass transformations are performed in water, hydrothermal stability of supported metal 
catalysts is especially critical. This review aims to increase attention on the hydrothermal 
stability of supported metal catalysts by looking at the stability of common catalyst supports, 
deactivation modes, and strategies to improve their durability. While common oxides such as 
silica, alumina, zeolite, and zirconia are not stable to hydrolytic attack, carbon and titania show 
promising resistance. In addition to catalyst support leaching, amorphization, and collapse 
caused by hydrothermal conditions, supported metal catalysts can deactivate by sintering, 
leaching, poisoning, carbon deposition and restructuring of the active metal sites. Several 
strategies are discussed to improve stability of supported metal catalysts: coating on the oxide, 
overcoating on the supported metal catalyst, metal-support interaction, embedding metal 
particles, bimetallic catalysts, reactor design and process optimization, and other methods. A 
fundamental understanding of liquid-solid interactions and deactivation mechanisms, and 
strategies to improve the catalyst durability will help to develop robust catalytic materials for the 
scale-up and further application of aqueous phase biomass conversion processes.  






While activity and selectivity are typically used as the screening metrics for catalyst 
development, stability of catalytic materials, which is their ability to maintain activity and 
selectivity with time on stream, is a critical third performance attribute. The initial activity and 
selectivity of a catalyst are clearly important starting points, but ultimately these properties must 
be coupled with viable durability. Stability is difficult to assess due to the need for long testing 
times and the challenge of mimicking realistic large-scale reaction conditions in lab-scale 
experiments.1, 2 However, catalyst lifetime is crucial for any further development and scale-up to 
industrial applications, which have specific durability criteria.3, 4 Existing industrial catalytic 
processes usually have productivities of 103-104 times the weight of catalyst used prior to its 
disposal, which requires catalysts to have an adequate lifetime and/or ease of regeneration.3, 4  
Current understanding of designing catalysts for stability has primarily been built from 
high temperature gas phase reactions using oxide materials such as alumina, zeolites, silica and 
others. These oxide materials usually have good thermal stability and are optimized for efficient 
and robust petrochemical processes. Deactivation mechanisms in these processes including 
sintering, leaching, fouling, poisoning, phase transition, and attrition have been extensively 
studied.5, 6 In contrast, the predominantly condensed phase processes required for using biomass 
as a renewable carbon alternative7, 8 imposes new criteria on catalytic material design. The 
solvent can often have a non-innocent effect on catalyst stability, so the solid-liquid interactions 
are central to catalyst durability. Common materials need to be re-investigated and optimized for 
condensed phase reactions, especially in the case of aqueous conditions as the chemistry related 
to hydrolytic attacks renders most oxide materials unstable. For example, alumina and silica have 
been shown to change structure under hydrothermal conditions with more than 75% surface area 
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loss.9 Moreover, steam and hot water behave differently, making it difficult to translate or 
extrapolate “hydrothermal stability” tests performed for petrochemical catalytic reactions. For 
example, SBA-15 lost 95% of its surface area with destruction of the mesoporous structure 
exposure to 200 C liquid water for 10 hours,9 while SBA-15 lost 62% of its surface area in the 
first 3 hours and remained almost unchanged during prolonged 24 hour steam treatment at 600 
C.10  
Given the low volatility and thermal stability of many biomass derived molecules, 
biomass reactions are usually performed in the condensed phase (commonly aqueous) at 
relatively low temperature compared with petrochemical processes.11, 12 Reactions including 
hydrolysis, isomerization, dehydration, reforming reactions, aldol condensation, hydrogenation, 
selective oxidation, hydrodeoxygenation, and hydrogenolysis in aqueous phase at temperatures 
lower than 300 °C have been studied for biomass conversions with supported metal catalysts 
widely used.2, 13-17 In addition to being  present in biomass feedstocks, water is frequently 
produced from selective removal of oxygen from biomass-derived molecules. When coupling 
with biological fermentation in the front end, water use as a solvent for the subsequent catalytic 
process could reduce separation costs. The use of water as a clean, cheap, and non-toxic solvent 
could also make biomass conversion processes greener and more sustainable.18 In some cases 
water use as a solvent or co-solvent have been reported to result in some selectivity and activity 
improvement compared to organic solvents.19-22 Water has also been reported to mediate and 
directly participate in catalytic reactions.23-27 However, water at high temperature is very reactive 
and can hydrolyze many oxide supports and induce sintering, leaching and restructuring of 
supported metal particles.22, 28 It is therefore an urgent challenge to improve the hydrothermal 
stability of supported metal catalysts for efficient biomass conversions.29 Strategies to improve 
4 
 
the stability of supported metal catalysts for aqueous phase biomass reactions can likely also be 
applied for other aqueous phase catalytic processes such as water remediation and treatment, 
catalytic wet air oxidation, electrochemical reactions, proton exchange membrane fuel cells, 
hydrodechlorination, Sonogashira, Suzuki, and Heck reactions, and many other condensed phase 
reactions.30-35  
Fundamental understanding about reactant and solvent interactions with solid catalysts 
and subsequent deactivation mechanisms is still lacking, which is crucial for design of stable 
catalysts.36 Unlike well-developed spectroscopic investigation for gas phase reactions, in-situ 
characterization of solid-liquid reactions is hindered by high solvent to reactant molecule ratios, 
which diminishes the reactant signal for in-situ studies.36-38 Additionally, the higher degree of 
functionality for many biomass molecules creates difficulty in probing reactant-catalyst 
interactions. New insights and techniques from both experiments and computational modelling 
need to be developed to better interrogate catalyst interactions with the reactants and solvent.   
This review first discusses stability of common catalyst support materials and 
deactivation mechanisms including support hydrolysis and collapse, sintering, leaching, fouling 
(carbon deposition), poisoning, and restructuring of active sites in aqueous phase reactions. Then 
strategies used to improve stability are presented including coating on the oxide, over-coating on 
supported metal catalysts, metal-support interactions, bimetallic catalysts, embedding metal 
particles into the support and other novel materials. Recovery of deactivated catalysts is also 
briefly discussed including redispersion and regeneration. Finally, some general considerations 
are suggested for future deactivation studies and rational design of stable supported metal 
catalysts for aqueous phase reactions.  
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2. Hydrothermal Stability of Common Catalyst Supports 
Although intrinsically green and safe, water is an exceptionally aggressive medium for 
catalyst supports due to its ability to react with various metal oxide chemical bonds.28, 36, 39 
Hydrolytic reactions become particularly important under common biomass conversion 
conditions, i.e., in the aqueous phase at temperatures between 100 and 250 °C and pressures up 
to 100 bar. The impact of these conditions on zeolites and γ-Al2O3 has been clearly 
demonstrated.40-42 It was shown that zeolites, despite their high crystallinity, suffer a complete 
collapse of their crystallinity in an elevated temperature aqueous environment within 6 h. X-ray 
diffraction (XRD) revealed similar dramatic changes for γ-Al2O3, as this common catalyst 
support underwent a phase transition to hydrated boehmite within 10 h when exposed to liquid 
water at 200 °C. 
While hydrolysis kinetics dictate the rate of support transformation, the hydrothermal 
stability of a catalyst support is ultimately driven by thermodynamics.43 As such, the stability and 
oxidation states for metals and metal oxides can be predicted via the revised Helgeson-Kirkham-
Flowers thermodynamic equation.44, 45 For accuracy, stability modelling should account for 
contributions from solvated inorganic ions (salts) and reactant/product species as they may alter 
the ionic strength and pH of the solution and act as chelating agents that stabilize metal cations 
leached from the support.43, 46 These contributions can be significant. For example, ZSM-5 was 
initially shown to be one of the few zeolitic structures to be stable in hot pressurized water at 
temperatures up to 200 °C.40, 47 However, NaCl enhanced the leaching of framework silicon and 
aluminum atoms to produce solution concentrations as high as 100 ppm within 30 min.46 This 
concentration is significant for Al as it corresponds to the extraction and solvation of about 4% 
of the framework aluminium in ZSM-5. Further investigation of ZSM-5 in the isomerization of 
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glucose to fructose in the presence of salt revealed a linear correlation between glucose 
conversion and Al concentration in solution, suggesting that these homogeneous species 
contributed to the observed catalytic activity. Interestingly, XRD showed no substantial change 
in crystallinity over the timeframe of the reaction.46 Therefore, XRD analysis of the solid should 
always be complemented with elemental analysis of the aqueous reaction medium to capture all 
the degradation processes that may occur during reaction. XRD alone is not sufficient to draw 
definitive conclusions on the stability of a catalyst or catalyst support under hydrothermal 
conditions. 
Although organic and inorganic species in solution can enhance the degradation of 
catalyst supports, it is reasonable to start any durability study by first considering the 
thermodynamics of the material in water, specifically its solubility at ambient temperature. The 
solubility of metal oxides varies by 16 orders of magnitude, following a trend related to their 
electronegativity.43, 48 Very acidic or basic oxides react quickly with water to form hydroxides 
that ultimately decompose into solvated cations and anions. In contrast, oxides with an 
electronegativity close to that of water are insoluble in cold water. The initial assessment can be 
further refined based on the electrochemical Pourbaix diagrams calculated at 200 °C. This 
approach anticipated that SiO2 would be unstable and converted to silica gel at all pH values 
while with alumina and zirconia would convert to their hydrate forms, namely AlO(OH) (stable 
at 4.5<pH<11.5) and Zr(OH)4 (stable at all pH). TiO2 was the only common oxide that was 
predicted to be stable in water at 200 °C over a large pH window. These calculations also 
indicated that metal sulphides, carbides, nitrides and phosphides would be either metastable or 
unstable under hydrothermal conditions, leaving carbon as the best support candidate for 
biomass conversion reactions in hot water.43 These calculations were found to be accurate for 
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common oxides, although they did not capture the time scales at which the expected 
degradations occur.  
Amorphous silica and ordered mesoporous silica such as MCM-41 and MCM-48 lost 
their structural integrity in boiling water within 12 h.49 The mesoporous structure of SBA-15 
collapsed after hydrothermal treatment in water at 200 °C for 12 h with a loss of more than 95% 
of its surface area.9 Silica gel lost 75% of its surface area, from 280 m2/g to 70 m2/g, after the 
same hydrothermal treatment.9 For all these materials, the degradation starts with hydrolysis of 
the Si-O-Si linkages and formation of solvated Si(OH)4 units at the rim of and within the 
mesopores (areas of positive curvature). These clusters are then transported to secondary pores 
(areas of negative curvature) where they are redeposited. As a result, mesopores are dissolved 
while micropores are filled and blocked with dissolved silica species, which ultimately results in 
the collapse of the ordered pore structure and loss of total surface area.9, 50 The addition of small 
amounts of aluminum during the synthesis of MCM-41 (Si/Al=50) led to improvements in 
hydrothermal stability.51 Similar results were also obtained when coating MCM-41 with 1 wt.% 
Al2O3 through aluminium nitrate impregnation followed by calcination. The porosity and high 
surface area (>800 m2/g) of the mesoporous silica were preserved even after 1 week in boiling 
water. The Datye group later extended this strategy to other oxides, in particular niobia and 
zirconia. While Nb2O5 and ZrO2 are not hydrothermally stable (vide infra), the addition of small 
amounts of niobium or zirconium either during the synthesis of the mesoporous silica or post 
synthesis through atomic layer deposition yielded oxide supports with enhanced hydrothermal 
stability.52, 53 
Zeolites are aluminosilicates, so they present a surface chemistry similar to Al-substituted 
MCM-41.54 The dense crystalline framework and partial substitution of framework Si atoms by 
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Al increases the overall hydrothermal stability of zeolites compared to mesoporous silica. 
Initially, the framework type was suspected to play an important role as ZSM-5 (MFI) and 
mordenite (MOR) showed a higher resistance to degradation in liquid water at 200 °C than Y 
(FAU) and beta (BEA) zeolites.40, 47, 55 However, it was later demonstrated that the stability of 
zeolitic structures in hot liquid water is governed by the density of framework defects, 
specifically by the density of silanol groups present at the surface.47 Silanols act as hydrophilic 
centers that facilitate water adsorption and allow the hydrolysis process to occur following a 
pathway initially described for amorphous silica.56 Subsequent work confirmed these findings 
and demonstrated that capping external and internal silanols using trimethylchlorosylane 
significantly improves the durability of BEA but without completely preventing its 
degradation.57-59 A higher aluminium content in this case provides additional stabilization 
effects.60 For Y zeolite, framework Al atoms were shown to protect the lattice by hampering the 
hydrolysis of framework bonds while extra-framework Al shielded the outer surface of the 
zeolite crystals from hydrolytic attacks, similar to an early observation for Al-coated MCM-41.51 
As anticipated from thermodynamics, γ-Al2O3 undergoes a phase transition to hydrated 
boehmite within 10 h in water at 200 °C, as verified by XRD and MAS-NMR.9, 41 This transition 
is accompanied by a decrease in both surface area and Lewis acid site concentration. In the case 
of Pt/Al2O3, elemental analysis also revealed the leaching of up to 40 ppm Al3+ into solution.61 
This leaching is significant as 30 ppm of Al3+ was sufficient to homogeneously catalyze the 
hydrolysis of cellulose. Through a combined experimental and theoretical study using ab initio 
molecular dynamics simulations, it was shown that tetrahedral Al on the (110) surface of γ- 
Al2O3 was the initiation point for hydrolysis to AlOxHy species when attacked by hot water.62 
These sites were shown to be shielded from water through selective adsorption and pyrolysis of 
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sorbitol, which led to formation of protective carbon clusters.63 Phase transition and formation of 
surface hydroxides was almost completely suppressed upon coating of less than 25% of the 
surface with carbon. Other groups have demonstrated that coke formed during the aqueous phase 
reforming of glycerol and sorbitol offers similar protection.42, 64 
Titania and zirconia exhibit better stability under hydrothermal conditions than other 
metal oxide supports. The transformation of ZrO2 to Zr(OH)4 as predicted by thermodynamics 
was not readily observed experimentally. However, high surface area tetragonal zirconia 
underwent a transition to the monoclinic phase upon treatment in liquid water at 250 °C for 10 h, 
causing a drop in surface area from 246 to 52 m2/g.65 Microcrystalline monoclinic ZrO2 sintered 
under the same conditions until reaching a surface area of 57 m2/g.65 TiO2 was shown to be more 
stable, partly because the phase transition from anatase to rutile is a reconstructive 
transformation that requires a significant amount of energy to break the Ti-O-Ti bonds. This 
phase transition can occur in liquid water but only under very harsh conditions. It was shown that 
the anatase fraction of a commercial anatase-rutile support decreased from 58 to 18% after 14 
weeks in liquid water at 350 °C and 21 MPa.66 However, no change in composition was 
observed under conventional biomass reaction conditions.65 High surface area rutile TiO2 
sintered from 156 to 70 m2/g within 10 h at 250 °C, but TiO2 samples with surface areas in the 
50-70 m2/g range were hydrothermally stable for over 100 h at 190 °C.67  
Graphitic carbon is intrinsically hydrophobic and the extended aromatic system makes 
this material exceptionally resistant to chemical attack. These features sparked interest in carbon 
for reactions in hot water, both as a support and as an overlayer to protect conventional oxide 
supports from hydrolysis. It should be noted that the graphitic character of a carbonaceous 
material increases with synthesis temperature, which can lead to a trade-off between metal 
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dispersion and hydrothermal stability for the final metal-supported catalyst. Structural defects 
and oxygen-containing functional groups decorating these defects are typically desired to 
increase the hydrophilic character of the material as to promote electrostatic metal-support 
interactions during impregnation to achieve higher metal dispersions. However, highly 
functionalized carbon coatings formed through hydrothermal decomposition of glucose at 180 °C 
lacked hydrothermal stability and complete decarbonisation was observed within 2 h in 
supercritical water.68 Overlayers synthesized through pyrolysis of glucose at 300 °C offered an 
excellent balance between durability and metal dispersion.69 When coated on SBA-15, the 
overlayer provided excellent hydrothermal stability with no change in surface area after two 
subsequent treatments in water at 170 °C for 24 h.   
Where leaching remains an issue, for example due to very acidic or alkaline reaction 
conditions, carbon-based materials such as activated carbon, carbon black, CMK-3, and carbon 
nanotubes provide promising alternatives to carbon-coated oxides.70-73 In addition to being 
structurally stable in hot water, they allow for controlled functionalization of their surface 
through post-synthetic treatments to tailor surface chemistry depending on the target reaction.74, 
75 Functional groups created on the carbon surface via synthesis, functionalization and 
modification can help to anchor metal particles. An important drawback of carbons is their low 
thermal stability in oxidative atmospheres as it makes them unsuitable for high temperature 
regeneration to remove coke or carbon deposits. However, as discussed later in the regeneration 
section, this challenge can be addressed for some biomass conversion reactions through 
regeneration at lower temperature. Another carbon challenge is surface heterogeneity as various 
functional groups co-exist. Typical carbon surface characterization techniques commonly yield 
somewhat ambiguous information on the molecular structure and distribution of functional 
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groups. However, there have been some recent characterization development, such as solid state 
NMR techniques, that can give more detailed analysis and quantification of carbon surface 
chemistry.69, 76  
3. Deactivation Mechanisms During Hydrothermal Conditions  
When exploring the overall hydrothermal stability of a catalyst both the catalyst support 
and active metallic sites need to be considered. Complicating this exploration is the issue that 
different deactivation mechanisms can occur alone or concurrently and the extent of each 
deactivation pathway may vary under different reaction conditions. For example, sintering and 
leaching of Pd particles on carbon coated SBA-15 supports has been observed during aqueous 
phase hydrogenation of furfural.69 It has been reported that noble metals such as Pt, Pd, Ru 
generally have better resistance to sintering and leaching in the condensed phase (especially 
aqueous phase) reactions than base metals such as Ni.2, 77 Catalysts may also deactivate by 
mechanical forces such as attrition and crushing, but these are more commonly observed in 
commercial scale applications, which are not included in this review due to limited literature on 
the topic. There are several extensive reviews on catalyst deactivation,5, 6 which are useful as 
background for deactivation under hydrothermal conditions. Catalyst deactivation can be broken 
into three categories: number of active sites, accessibility to active sites, and intrinsic activity. 
The manifestation of catalyst deactivation mechanisms is different between gas phase and 
aqueous phase reactions as outlined in Table 1.  Shown in Figure 1 are hydrothermal deactivation 




Figure 1. Schematic of supported metal catalyst deactivation modes during aqueous phase 
reactions. Blue represents metal particles, while green represents the catalyst support. 
  








Catalyst support structure 
change with surface area 
loss (accessibility to 
active sites) 
Phase change due to 
thermal instability 
Structural change due to 
hydrolysis or phase 
transition 
Sintering Metal particles grow into 
larger particles (number 
of active sites) 
Sintering due to 
thermal instability, 
usually happens at 
high temperature 
(>350 °C) 
Mechanism not known 
yet, but may occur at low 
temperature (<250 °C), 
may involve solvent 
effect 
Leaching Atoms from metal 
particles extracted into 
the fluid stream (number 
of active sites) 
Leaching due to 
gasification at high 
temperature (>350 °C) 
Extraction of metal 
particles is facilitated by 
hydrothermal condition 
and influenced by salts 
and pH; may form 






Carbon formed on the 
active metal particles 
from chemisorption or 
undesired reactions 
(accessibility to active 
sites) 
Usually caused by 
graphitic coke or 
amorphous carbon at 
high temperature  
Carbon deposition 
usually are not graphitic 
and contain a significant 
amount of oxygen 
Poisoning Strong chemisorption 
such as S, N, olefin-
containing species on the 
active metal (number of 
active sites) 
Usually caused by 
impurity small gas 
molecules such as 
NH3, H2S, Cl2, and 
CO. 
Usually caused by 
molecules containing S, 
N, olefinic species or 




Active metal sites change 
to inactive sites (intrinsic 
activity, maybe number 
of active sites) 
Usually due to thermal 
instability or 
interaction with gases 
or impurities 
Changes in metal particle 
shape, composition, 
oxidation state, and 
structure. 
 
3.1 Support Hydrolysis or Collapse 
Support hydrolysis or collapse under hydrothermal conditions is usually observed due to 
dissolution or structural changes of the support material. As described above, -Al2O3 changes 
phase to boehmite, and silica and zeolites can also undergo hydrolysis.9 MgO has also been 
reported to partially dissolve during aqueous phase hydrogenation of furfural.78 As a result, the 
structure may collapse with a significant loss in surface area. In many cases, this structural 
change leads to active metal particles sintering or being buried inside the restructured support, 
thereby making the active sites inaccessible. Sometimes, leaching of the support may not affect 
the support material structure as ZSM-5 maintained its XRD pattern during the dissolution of Al 
and Si under hydrothermal conditions at 170°C for 30 min.46 Addition of a small amount of salt 
(NaCl) increased the leaching rate of Al3+. HZSM-5 was also shown to gradually lose 
crystallinity when exposed to water at elevated temperature from 50 to 200 °C under N2 
pressure.79 Carbon materials usually show better resistance towards acidic or corrosive solutions 
than metal oxides.80 A Pt/Zr-P catalyst was found to change phase from amorphous to crystalline 
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Zr-P with a rhombohedral framework in aqueous phase hydrodeoxygenation of sorbitol at 245 
°C.81 The bifunctional Pt/Zr-P lost 97% of its surface area, 86% of Pt surface sites and 95% of 
surface acid sites, while a Pt-ReOx/C catalyst lost only 17% of the surface area.81 Additionally, 
the hydrolysis and leaching of support materials may cause difficulty in subsequent product 
purification. 
3.2 Leaching  
Leaching is the dissolution of active sites (metal or acid) into the reaction medium. This 
usually irreversible process can be affected by a number of parameters including temperature, 
pH, solvent, and reactant and product concentrations. Leaching is usually a result of direct 
solubilization of supported metals or chemical transformations such as hydrolysis and formation 
of complex between the metal and reaction species or solvent.82 Thus, it is usually desired to 
choose relatively stable metals for the reaction conditions and tune the reaction parameters to 
avoid metal complex formation. Low leaching, at even ppm levels, can cause serious issues for 
catalyst durability as well as downstream separation and purification in industrial applications. 
Leaching can occur with either noble metals or base metals, although base metals are generally 
more prone to leaching. For example, significant Ni leaching was observed for various supported 
Ni catalysts during aqueous phase hydrogenation of glucose, whereas Ru catalysts under the 
same conditions showed higher specific activity and durability with no detectable Ru leaching.83 
Thermodynamic analysis using revised Helgeson-Kirkham-Flowers calculations suggested that 
noble metals such as Ru, Au, Pd have much lower solubility in hydrothermal conditions 
compared with base metals such as Co, Ni, Cu, and Fe.45 Leaching has also been found in 
bimetallic catalysts such as with Re leaching from Re-Pd/TiO2 during aqueous phase 
hydrogenation of succinic acid.84 Re leaching was observed on various support materials 
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including SiO2, TiO2, Al2O3, and ZrO2 during liquid phase deoxydehydration, where solvent 
polarity, support materials and degree of conversion were found to influence the leaching 
process.85 
Complexation can also enhance leaching. Cu was observed to form a soluble Cu-
carboxylate complex with levulinic acid when leached into the aqueous solution.86 When 
aqueous phase hydrogenation of levulinic acid was performed at low pH (pH=1), Ru leaching 
from 5% Ru/C was doubled from 7.4 to 14.8 wt%.87 Leaching has been found in other biomass 
reactions in methanol, tetrahydrofuran, ethanol, and GVL. Pd leaching from Pd/TiO2 in ethanol 
at 24 °C was found in the decreasing order of muconic acid > adipic acid > hexanoic acid > 
furfural, which correlated with binding energies of these adsorbates from DFT calculations, 
suggesting possible complex formation between the reactants and leached Pd.88  
In some cases, the leached metal species were still active as was observed when 
chromium leached into the solution remained active for oxidation reactions.89, 90 Operando 
EXAFS and XANES was used to study speciation and leaching of Pd from Pd/-Al2O3 in a 
Suzuku-Miyaura cross-coupling flow reaction in a mixed water/ethanol solution, where the 
leached Pd was active for the reaction.91 It is important to evaluate the reactivity of leached 
species in condensed phase reactions. For batch reactions, the catalyst should be filtered at 
reaction temperature and the filtrate tested for reactivity. In flows reactions, analysis of the 
product solution is enough as the catalyst is constantly flushed by solution.   
3.3 Sintering  
Sintering occurs when supported metal particles agglomerate to larger particles due to 
thermodynamic instability. It is often observed in gas phase reactions at high temperature. For 
aqueous phase reactions, sintering can happen even at relatively low temperatures. Sintering of 
16 
 
supported metal particles such as Ru, Pd and Pt has been observed on TiO2, activated carbon, 
carbon nanotubes, graphite, SiO2, and Al2O3 in aqueous phase reactions at temperature below 
100 °C.92-97 CuO particles were found to sinter from 5.4 nm on fresh Cu/ZrO2 to 38 nm after 
aqueous phase hydrogenation of levulinic acid at 200 °C for 6 hours, leading to catalytic activity 
loss.98 The two sintering mechanisms proposed included Ostwald ripening and particle migration 
and coalescence.99 As aqueous phase reactions are commonly performed below 250 °C, particle 
migration and coalescence is less likely, so Ostwald ripening via metal atoms dissolution and 
redeposition to form larger metal particles may be the cause.80 How the detached metal atoms 
interact with the reaction species and water molecules  to influence the ripening process is still 
unclear. The metal particle growth process may be affected by the properties of individual 
nanoparticles such as particle size, composition, and metal-support interaction; and the reaction 
environment such as the reaction temperature, solvent, reaction species concentration and gas 
atmosphere. Collective properties of the nanoparticles such as spatial distribution of the metal 
particles and interparticle distance have been shown to have an effect on the sintering process for 
gas phase reactions.100, 101 Similarly, Au/CeO2 with a low Au loading showed better stability 
against sintering in aqueous phase base-free oxidation of glucose to gluconic acid, which could 
be due to the same effect of larger interparticle distance for the Au particles.102 Techniques such 
as in-situ TEM, temperature-programmed low-energy ion scattering, and kinetic models have 
been developed to describe and predict sintering of metal nanoparticles in gas phase reactions.103, 
104 105 Likewise, liquid phase TEM technologies have also been used to study metal particle 
growth and dissolution in the condensed phase.106-108 Operando X-ray absorbance spectroscopy 
was used to monitor particle sintering during continuous flow liquid phase hydrogenation of 
furfural in butanol over supported Cu catalysts.109   
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3.4 Carbon Deposition 
Fouling, including carbon deposition and coke formation, is a common cause for 
deactivation in gas phase reactions, especially at high temperature. However, it has also been 
observed in biomass conversion reactions at low temperature likely due to highly reactive 
oxygen functional groups in biomass-derived molecules. As carbon deposition is more common 
for supported metal catalyst under aqueous phase reactions, it is the form of fouling considered 
in this review. Condensation, rearrangement, and polymerization reactions can occur, leading to 
carbon deposition onto the catalyst. Also, side reactions such as the formation of humins from 
carbohydrate species over acid catalysts can lead to carbon deposition.110 The strong adsorption 
and low solubility of carbonaceous moieties have been found to cause deposited species to be 
retained on the surface or inside pores.111 As a result, active sites may be covered and pores can 
become blocked. For example, adsorption of glyceric acid was found to block active sites during 
glycerol oxidation on Pt-Bi catalysts.112 Carbon deposition can also cause a drastic decrease of 
the surface area and pore volume, which may exacerbate mass transfer limitations. For example, 
the surface area of 0.5% Ru/C dropped from 1110 m2/g to 390 m2/g after 52 hours of continuous 
flow aqueous phase hydrogenation of levulinic acid.113 Since biomass reactions are commonly 
performed under 250 °C, carbon deposition is not driven by polyaromatic formation.111 Unlike 
coke or carbon fiber formation on the supported metal catalyst during gas phase reactions, which 
can completely plug reactors,114 carbon deposition under hydrothermal conditions has not been 
observed to cause the same plugging. While reactant dilution is a possible way to reduce carbon 
deposition, this may not be applicable for many industrial processes due to economic 
considerations.43 Regeneration offers another way to deal with deactivation, but could be limited 
in some applications. In-situ techniques such as TEM have been used to investigate carbon 
18 
 
filament or coke formation on supported metal particles in gas phase reactions,115 but  it is still 
challenging to analyse carbon deposition in-situ during aqueous phase reactions. Therefore, ex-
situ identification and analysis of carbon deposition such as TGA, TEM, FTIR, and NMR on the 
spent catalyst are typically required.  
3.5 Poisoning 
Poisoning is a result of strongly chemisorbed species present in the reaction system, 
which can include reactants or impurities such as N, S, P-containing species. If coupled with 
biological conversions, the catalyst may also need to withstand biogenic impurities from the 
fermentation process. These impurities include organic acids, amino acids, protein fragments, 
nutrients, inorganic salts, and fermentation byproducts.116 Recently, feed impurities such as 
formic acid, H2SO4, furfural, 5-hydroxymethyl furfural (HMF), and humins have been shown to 
affect catalysts differently for levulinic acid hydrogenation on Ru/TiO2 and Ru/ZrO2 in both 
water and dioxane solvents (see Figure 2).117 Formic acid resulted in rapid yet reversible 
deactivation. Whereas, furfural, HMF, and humins impurities showed a more gradual drop in 
activity and the presence of H2SO4 deactivated the catalyst irreversibly. In cyclohexene 
hydrogenation, it was shown that even low concentrations of sulfur and nitrogen-containing 
impurities (thiamine, cysteine, methionine, biotin, tryptophan, niacin, threonine, and p-
aminobenzoic acid) inhibited Pt, Pd, and Ni catalysts.118 For lactic acid hydrogenation to 
propylene glycol, organic acids, sugars, and inorganic salts were found not to affect the catalytic 
performance.116 However, alanine was competitively adsorbed with reversible poisoning, while 
cysteine and methionine resulted in irreversible poisoning. The poisoning effect of these 
biogenic impurities was also demonstrated through molecular dynamics simulations and DFT 
calculations, where amino acids containing S (methionine and cysteine) and heterocyclic N 
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(tryptophan and histidine) interacted with the Ni surface through non-bonding and bonding 
interactions.119  
 
Figure 2. Different catalyst deactivation behavior of Ru/TiO2 and Ru/ZrO2 in dioxane and water 
with the presence of different impurities such as formic acid, sulfuric acid, and furfural. 
Reprinted with permission from117. Copyright 2020 American Chemical Society.  
 
Species that poison catalysts can be generated from side reactions or reactor materials. 
Recently, olefinic species were identified as poisons for Pt/C during aqueous phase oxidations of 
1,6-hexanediol as evidenced from in-situ surface-enhanced Raman spectroscopy and ex-situ 
solid-state 13C NMR.120 These poisoning species were likely generated from decarbonylation of 
aldehyde products during the reaction and could be removed by mild treatment in H2. As shown 
in Table 2, the initial activity decreased by more than 70% when olefinic species were added into 
the reaction solution. Carboxylic acids have been identified as reversible poisons for Ru during 
aqueous phase hydrogenation of ketones or glucose.93, 121 Fe leached from the stainless steel 
reactor was found to poison a supported Ru metal catalyst, which was largely inhibited by a 





Table 2. Influence of additive poisoning species on the initial activity of aqueous phase 1,6-
hexanediol oxidation on Pt/C at 70 °C, 1 MPa O2. Reprinted with permission from120. Copyright 
2017 American Chemical Society.  
additive TOF (s–1) decrease in 
TOF (%) 
none 0.54   
3-hydroxybutanal 0.50 7.4 
mesityl oxide 0.49 9.3 
polyvinyl alcohol 0.53 1.9 
4-penten-1-ol 0.071 87 
4-penten-1-ol (+H2)a  0.53 1.9 
4-pentenoic acid 0.068 87 
4-pentenoic acid (+H2)a  0.48 11 
3-pentenoic acid 0.16 70 
2-pentenoic acid 0.10 81 
allyl alcohol 0.10 81 
acatalyst and additive in water under 0.3 MPa H2 at 70 °C for 30 min before He flush, and 
addition of 1,6-hexanediol and O2. 
 
3.6 Restructuring of Active Sites 
Supported metal particles performing reactions can be dynamic, so they may restructure 
when exposed to aqueous phase conditions. Restructuring of active metal sites, such as changes 
in particle shape, structure, composition and oxidation state, can occur with monometallic and 
bimetallic catalysts. Ni on N-doped carbon and TiO2 was found to deactivate during aqueous 
21 
 
phase hydrogenation of glucose and nitrobenzene due to the metallic Ni active site changing to 
inactive Ni(OH)2.122 Oxidation of Ru particles on Ru/TiO2 was shown to lead to 30% activity 
loss in aqueous phase oxidation of succinic acid and p-hydroxybenzoic acid and catalytic wet air 
oxidation of paper pulp.123, 124 Oxidation state changes of Pd were detected by operando Pd K-
edge XANES during in-situ alcohol reduction and subsequent Suzuki-Miyaura cross-coupling in 
an aqueous ethanol solution.91 The crystalline structure of the Pd particles has been observed to 
distort near the surface regions, while the core remained in the crystalline metallic phase during 
the Suzuki-Miyaura reaction in water and DMF.94  
Bimetallic supported catalysts can be particularly prone to restructuring in condensed 
phase reactions. Sn was observed to dealloy from bimetallic Pt-Sn particles on carbon in aqueous 
phase oxidation, which actually increased activity.125 Through in-situ extended X-ray absorption 
fine structure (EXAFS), Ni segregation on supported Ni-Pt bimetallic catalysts was studied 
during aqueous phase reforming of ethylene glycol.126 It was found that under reaction 
conditions, Ni segregated to the surface leading to Ni-enrichment of the primarily Pt-terminated 
surface after reduction of a Ni-Pt bimetallic catalyst, which was responsible for higher activity 
than with a monometallic Pt catalyst.126 The transformation of Re in Pt-Re/C catalysts during 
aqueous phase reforming of glycerol was probed using operando X-ray absorption spectroscopy 
and attenuated total reflectance infrared, where Re was oxidized and terminal Re-O species were 
found to leach into the aqueous solution.127  Bimetallic Ru-Sn particles on activated carbon 
restructured with Ni leached from stainless steel reactor to form Ni-Sn sites with decreased 
activity during aqueous phase succinic acid reduction.128  
The restructuring of supported metal nanoparticles has been demonstrated for gas phase 
reactions under reaction conditions as probed by in-situ or operando IR, XPS, x-ray based 
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methods and TEM.129-131 However, many of these techniques are still quite challenging for gas 
phase reactions, so they have additional issues with addressing the complexity of liquid phase 
reactions especially in the aqueous phase. Therefore, a large gap exists in fundamental 
understanding of the catalytic surface and restructuring of active sites under condensed phase 
conditions.  
3.7 Identification of deactivation mode 
Identification of the operative deactivation mode is required for the rational design of 
stable catalysts since different modes will likely require different strategies. Shown in Table 3 
are some potential characterization techniques that can be used to help identify the deactivation 
mode or modes. Characterization techniques such as surface area analysis, chemisorption, IR, 
Raman, XPS, NMR, XRD, XAS, TGA, temperature programmed desorption (TPD), electron 
microscopy, elemental analysis, and ICP have all been successfully employed to unravel catalyst 
deactivation mechanisms in aqueous phase reactions.  
Table 3. Suggested steps for deactivation mode investigation. The characterization steps are 
based on common instrument available in catalysis research labs.  
Deactivation 
mode 




TGA, IR, Raman, TPD on fresh and spent catalyst to see decomposed carbon 
deposits. 
Dissolving the carbon deposits on spent catalyst in different solvents 





Measure XRD and BET surface area on fresh and spent catalyst to see any 
change.  
If sample size is too small, hydrothermal treatment may be used on the catalyst 
to capture the surface area change.  
ICP analysis on the reaction solution to see dissolved support material 
Leaching Test the metal loading of fresh and spent catalyst by ICP. 
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Hot filtration in batch reaction or sampling from flow reaction. 
Test the reaction solution by ICP to see leaching of the metal phase. 
Poisoning Purify the feedstock before reaction or insert a catalyst guard bed to see if there 
is any change in catalytic behaviour.  
In-situ spectroscopy such as Raman and NMR 
Regeneration might work in some cases.  
Sintering Analyze and compare the metal particle size on fresh and spent catalyst by 




Characterize the fresh and spent catalyst by XPS to see if there is oxidation 
change; 
TEM EDX analysis on metal particles on fresh and spent catalyst. 
XRD, XAS 
 
Fundamental understanding of the deactivation mechanisms in aqueous phase reactions 
and the solid-liquid interactions driving the deactivation requires advanced characterization. 
Ideally, in-situ or operando characterization is preferred to allow exploration of the dynamic 
nature of the phenomena. While many techniques are still challenging for in-situ spatial- and 
time-resolved characterizations in these systems, there has been development in spectroscopic 
approaches.132 Some XAS examples have been discussed in the previous sections. In-situ ATR-
IR has been used to detect small molecules such as CO and formate in aqueous phase H2 
production from formic acid and formate as well as glycerol.133, 134 Surface-enhanced Raman 
spectroscopy (SERS) has been developed to observe surface adsorbates on supported Au, 
Cu and Ag during aqueous phase glycerol oxidation by strengthening the metal signal 
relative to that of water.135, 136 Unfortunately, metals other than Au, Cu and Ag have weak 
Raman signals. To overcome this, recent developments used SERS-active metals such as 
Au as the substrate and deposited Pd particles or a Pt overlayer to enhance the signal.120, 
137 The in-situ SERS was used to show that olefinic species were poisoning the Pt/C 
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catalyst during oxidation of 1,6-hexanediol.120 In-situ NMR has also been developed for 
kinetic and mechanistic studies under condensed phase reactions, which could potentially 
be used for aqueous phase reactions.138 There is still significant opportunity for the 
development of new characterization techniques to better identify deactivation modes and 
understand their mechanism in aqueous phase reactions. 
4. Design Strategies to Improve Hydrothermal Stability of Supported Metal 
Catalysts 
Catalytic stability is related to many factors including the catalyst itself, reaction 
conditions and reactor design.43, 139 Ideally, catalyst lifetime would be improved by modifying 
the properties of the catalyst since this approach would not require additional capital 
investment.140 As discussed above, improved hydrothermal stability of supported metal catalysts 
can require modifications to both the support and active sites. Several reviews have discussed 
deactivation and methods to improve catalyst durability in condensed phase reactions.28, 43, 139, 141, 
142 Though carbon and titania have shown better hydrothermal stability than other catalyst 
supports, the durability of active sites remains a challenge. There are several reviews specifically 
focusing on stabilizing supported metal particles and atomically dispersed metal catalysts against 
sintering primarily for gas phase reactions, which do discuss some strategies that could also be 
applied to the design of hydrothermally stable materials.143-145 Many of the strategies were found 
to improve the catalyst resistance against multiple deactivation modes. As such, we grouped the 




Figure 3. Simplified scheme of catalyst design strategies for hydrothermally stable supported 
metal catalysts.  
 
4.1 Coating on Oxide Supports 
Oxide supports, such as alumina and silica, generally have good mechanical properties 
and high surface areas. These attributes are required not only for petroleum processes, but also in 
biomass processing. Therefore, using common metal oxides as a starting material with 
subsequent modification to improve hydrothermal stability has received attention. One such 
modification is creating a coating on the oxide support to suppress the hydrolysis of the oxides. 
Carbon coating on alumina and silica was achieved from impregnation and pyrolysis of sucrose, 
fructose and furfuryl alcohol.9, 69, 146 As shown in Figure 4, a carbon coated silica gel was found 
to maintain the surface area and mesoporous structure of the support after 12 hours in water at 
200 °C.9 Chemical vapor deposition (CVD) of methane was also used as a method to carbon coat 
γ-Al2O3.147 The resulting graphitic carbon film allowed for the surface area, pore volume and 
pore size to be maintained after hydrothermal treatment at 220 °C for 12 hours. Aqueous phase 
reforming of ethylene glycol at 250 °C and hydrogenation of lactic acid to propylene glycol at 
120 °C showed better active site durability when using graphitic carbon coated γ-Al2O3 supports 
with both reactions yielding less sintering and almost no leaching.147 Generally, the coating 
method targets complete coverage of the entire metal oxide surface with at least a carbon 
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monolayer. However, a recent study showed that a partial carbon coating from repetitive 
adsorption and pyrolysis cycles of sorbitol gave better protection of γ-Al2O3 than the carbon 
coating from sugar and CVD.63 Sorbitol was shown to selectively adsorb on the tetrahedral Al 
sites on (110) faces of γ-Al2O3, which was responsible for hydration of the support to AlOOH 
during the phase transition of γ-Al2O3 to boehmite.62, 63 By covering around 20% of the total 
surface using less than 8 wt% of carbon through multiple adsorption and pyrolysis cycles, the 
transformation from γ-Al2O3 to boehmite was suppressed while the surface area was 
maintained.63 Recently, organophosphonic acid coating was found to improve the hydrothermal 
stability of γ-Al2O3, with the surface area being maintained after the coating.148 Silica coating on 
alumina was shown to initially improve the hydrothermal stability of alumina, but the silica 
coating eventually hydrolysed resulting in subsequent transition of the alumina phase.149  
 
Figure 4. STEM images of silica gel (a) and after hydrothermal treatment (b); carbon coated 
silica gel (c) and after hydrothermal treatment (b). Hydrothermal treatment in water at 200 °C for 




While atomic layer deposition (ALD) has been used to synthesize monometallic and 
bimetallic particles with better nanoparticle size and composition control,150 ALD can also be 
used to coat catalyst supports creating improved resistance against support collapse, sintering, 
fouling and leaching for both gas phase and condensed phase reactions.150 151 Niobia applied to 
SBA-15 via 10 ALD cycles was found to preserve the mesoporous structure and porosity of the 
support after hydrothermal treatment at 200 °C.52 The improved durability was also 
demonstrated on a niobia coated SBA-15 supported Pd catalyst for aqueous phase transformation 
of γ-valerolactone to pentanoic acid at 200 °C in comparison to a commercial catalyst. 
The examples above of coating oxide supports showed improved resistance against 
support hydrolysis and collapse and metal particle sintering. However, this method introduces a 
metal-coating interaction thereby modifying the metal-support interaction. It is likely that the 
coating supresses the support hydrolysis and collapse, but induces metal particle sintering and 
leaching due to weakened metal-support interaction. The benefits and disadvantages of the 
coating method should be evaluated in the overall stability of the catalyst including the active 
metal and support.  
4.2 Over-Coating on Supported Metal Catalysts 
The work described above consisted of first coating the metal oxide followed by 
deposition of the active metal. Alternatively, an over-coating can be applied to the supported 
metal catalyst itself. By choosing suitable coating material, both oxide support hydrolysis and 
metal particle sintering, leaching and carbon deposition could be reduced. Such a strategy was 
used to over-coat metal supported on SiO2 (or Al2O3) by using 400°C pyrolysis of deposited 
sucrose.152 The over-coated catalyst showed longer lifetime in aqueous phase hydrogenation of 
acetone and furfural than did just the SiO2 or Al2O3 supported metal catalyst. As verified by 13C 
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NMR, the carbon overlayer had a moderately polycondensed aromatic structure with some 
oxygen-functional groups on the edges. The open structure of the carbon layer allowed the active 
metal sites to be accessible. Carbon over-coating from glucose on Ni/TiO2 has also been shown 
to improve the stability of Ni particles in aqueous phase hydrogenation of nitrobenzene,122 
whereas Ni/TiO2 without the coating deactivated rapidly due to formation of Ni(OH)2.122 Clearly, 
a balance is required in which the over-coating protects the catalyst while minimizing blocking 
of the active sites. 
Al2O3 ALD over-coating has been applied to Cu/Al2O3 and Pd/TiO2 leading to improved 
resistance against sintering and leaching during furfural hydrogenation in butanol and muconic 
acid hydrogenation in ethanol.88, 153 Sintering, leaching and fouling have been reported to occur 
on low-coordinated metallic sites such as edges or corners on metal particles.153 The ALD 
coating was shown to preferentially decorate these low-coordinated sites, which supressed 
sintering, leaching and fouling in both gas phase and liquid phase reactions.153, 154 The ALD-
coating approach has been scaled from 100 mg to 100 g, so there does appear to be potential for 
further development.88 While Al2O3 ALD coating showed improvement in the stability of Cu 
particles, the acidic nature of the coating was found to lead to resinification and carbon 
deposition blocking the pores within the Al2O3 coating during furfural hydrogenation.155 
Modification with MgOx to decrease the acidity of the Al2O3 over-coating decreased the 
deactivation while maintaining metal particle stability.155 In one study, five Al2O3 ALD cycles 
were shown to yield a catalyst with lower deactivation compared with more coating cycles, so 
there is a need to optimize the ALD over-coat thickness, composition and pretreatment.155 While 
ALD over-coating is usually generated with a gas phase reaction, a liquid phase layer-by-layer 
over-coating of amorphous A2O3 on Cu/Al2O3 was demonstrated that gave better resistance 
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against Cu sintering compared with an uncoated catalyst in the hydrogenation of furfural to 
furfuryl alcohol in 1-butanol.156 Besides ALD, molecular layer deposition of porous alumina was 
also shown to improve the resilience of Pt/silica against sintering.157  
One concern with an alumina coating is its susceptibility for phase transition when 
exposed to hydrothermal conditions, so alternative ALD coatings such as TiO2 or carbon have 
been examined. TiO2 ALD coating on a TiO2 supported Co catalyst improved the resistance 
against Co leaching and sintering in aqueous phase hydrogenation, see Figure 5.158 During 
oxidative and reductive regeneration at 500 °C, pores were opened in the TiO2 coating and TiO2 
moved to defect sites, where sintering and leaching could occur. Additionally, more Co active 
sites were exposed during the regeneration, which gave an increased activity.158 A polyimide 
ALD coating on a Ni@CNT catalyst followed by thermal treatment at 600 °C was used to 
synthesize a porous carbon nanofilm (CNF) coated Ni@CNT catalyst (denoted 
CNF@Ni@CNT).159 The thickness of the nanofilms were controlled by the number of ALD 
cycles. The CNF@Ni@CNT catalyst showed stable activity in 20 successive reductive amination 
of levulinic acid with benzyl amine runs at 130 °C, while Ni@CNT and Ni/C catalysts gave 
dramatic deactivation after only several runs with severe Ni leaching.159 
  
Figure 5. Catalyst durability study of Co/-Al2O3, Co/TiO2, TiO2/Co/TiO2 (TiO2 ALD 
overcoated Co/TiO2) during aqueous phase furfuryl alcohol hydrogenation at 140 °C (left) and 
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leaching percentage of Co with time on stream. Reproduced from reference158 with permission 
from The Royal Society of Chemistry. 
 
 
4.3 Metal-Support Interactions  
Metal-support interactions have been commonly reported for metals on oxide supports. 
Recently, metal-carbon interactions were also investigated, with advanced electron microscopy 
being particularly useful.160 Metal particles can be anchored on supports by different interaction 
modes created by surface vacancies, nano-facets, epitaxial growth, and formation of interfacial 
interphases, which may result in both higher activity and better resistance against sintering, 
leaching, carbon deposition in the resulting catalysts.161 Here the focus is on metal-support 
interaction methods that have been shown to improve the stability of metal particles under 
hydrothermal conditions through strong metal-support interaction, heteroatom doping and 
surface modification and functionalization.  
4.3.1 Strong Metal-Support Interactions  
Strong metal-support interactions (SMSI) were used to describe changes in chemisorption 
behaviour when Group VIII noble metals were supported on titanium oxide, niobium, 
manganese, and lanthanum.162, 163 Usually an overlayer of TiOy was formed on top of the 
supported noble metals after treatment, so the metal particles were covered and stabilized. For 
example, a high-temperature calcination and reduction was used to treat a TiO2 supported Co 
catalyst.164 The TiOy were found to cover the Co during high temperature calcination as a result 
of SMSI, which was followed by reduction of the Co3O4 to metallic Co. The resulting catalyst 
showed good resistance against sintering in aqueous phase hydrogenation of furfural alcohol.   
4.3.2 Heteroatom Doping 
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Heteroatom doping, such as oxygen and nitrogen, into carbon materials has been reported 
to improve the stability of supported metal particles,165, 166 as the heteroatoms helped to anchor 
the metal particles. Carbon coated SBA-15 synthesized from glucose at lower temperature with 
more oxygen functional groups showed better Pd particle stability against sintering when the 
materials was used in aqueous phase hydrogenation of furfural.69 Solid state 13C NMR was used 
to characterize the carbon surface functional groups that were crucial for Pd particle stabilization. 
Using the same synthesis method with melamine addition for incorporating nitrogen into the 
carbon coating showed even better stability of Pd particles as both sintering and leaching were 
reduced during continuous flow aqueous phase furfural hydrogenation (see Figure 6).76 Improved 
stability of Ru nanoparticles was also observed using N-doped mesoporous carbon compared 
with non-doped carbon in aqueous phase glycerol reforming.167 Characterizing the nitrogen 
species responsible for the improved metal nanoparticle stability has been challenging. Usually 
three nitrogen species including pyridinic, pyrollic, and graphitic N species have been identified 
using XPS.76, 167 However, solid state 2D 15N-13C NMR showed that amide, N-substituted 
pyrrole, amine, pyridinium and imidazolium were also present on the N-doped carbon.76 Higher 
activity and durability in nitrobenzene hydrogenation was reported on N-doped CNT supported 
Pd compared with Pd on O-functionalized CNTs or just CNTs.168 By tracking specific metal 
particles, using identical location-TEM (IL-TEM) and particle size distribution measurement, the 




Figure 6. Catalyst stability study of (a) Pd 300NC/SBA-15 and Pd 300C/SBA-15; (b) Pd 
600NC/SBA-15 and Pd 600C/SBA-15 in aqueous phase furfural hydrogenation at 130 C. 
Reproduced from reference76 with permission from The Royal Society of Chemistry. 
 
Heteroatom doping has also been applied to metal oxides for improving catalyst lifetime. 
The addition of 5 wt% SiO2 to TiO2 improved the hydrothermal stability but didn’t fully supress 
the loss of surface area during hydrothermal treatment at 250 C for 10 hours.65 The addition of 
SiO2 was reported to improve the niobia durability and suppress sintering of Pd particles in the 
aqueous phase conversion of GVL to pentanoic acid.169   
4.3.3 Surface Modification or Functionalization  
Heteroatom doping is generally performed during material synthesis, while surface 
modification or functionalization is used for modifying already synthesized materials. Surface 
modification or functionalization may be used to change the surface hydrophobicity to reduce 
water contact, which is detrimental to metal oxide hydrothermal stability. Such an approach has 
been reported for metal oxides such as zeolite and silica by incorporating organic functional 
groups or organosilane functionalization.170-172 
Surface modification have been applied to carbon materials after their synthesis. Carbon 
surface modifications including treatment in nitric acid, hydrogen peroxide, sulfuric acid, 
ammonia hydroxide or ammonia gas and oxidation in air, were used to change surface properties 
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with the goal of increasing interaction with metal precursors.173-179 Either basic or acidic 
functional groups have been attached to the carbon surface after treatment, which resulted in 
higher metal dispersion and stability. Through surface functionalization and thermal treatment, 
the carbon-metal interfacial charge distribution was tuned for improved selectivity in 
cinnamaldehyde hydrogenation, which may also be useful for changing catalyst durability.180 
Annealing treatment at 700 and 1500 °C was used to create defects, followed by 
functionalization in concentrated nitric acid to create surface functional groups to anchor Pd 
particles.94 The resulting Pd H-CNT (highly functionalized CNT) showed better activity and 
stability against sintering than Pd L-CNT (low functionalized CNT) in Suzuki-Miyaura reactions 
between iodobenzene and phenylboronic acid in water and dimethyl furan solvents. Either p-
phenyl NH2 or p-phenyl SO3H groups were grafted on the graphene surface with the resulting 
interaction between the grafted functional groups and subsequently loaded Pt particles 
examined.181 The single moiety on the graphene surface such as -NH2 or -SO3H improved the 
dispersion and stability of Pt particles for extended aqueous phase fuel cell applications. XPS 
and XANES studies revealed electron transfer from Pt to graphene with the Pt-graphene support 
interaction decreasing in order: Pt/NH2-graphene > Pt/SO3H-graphene > Pt/ graphene, which 
correlated with the dispersion and stability of the Pt particles.181 Further IL-TEM (Figure 7)  
showed Pt sintering and particle shape change on Pt/graphene, while Pt remained dispersed and 
separated on the functionalized graphene. While this work successfully demonstrated the 
interaction of Pt particles and two different functional groups (-NH2 or -SO3H) on graphene, 
more research is needed to further study the interaction of metal particles and other functional 
groups such as carboxylate, carbonyl, furan, hydroxyl, pyridine, pyrrole, and imidazole. 
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Additionally, more investigation is needed on the effect of carbon surface modification on 
hydrothermal stability.  
 
Figure 7. IL-TEM images of (a, b) graphene, (c, d) SO3H-graphene, and (e, f) NH2-graphene 
supported Pt nanoparticles before and after fuel cell potential cycling tests in aqueous solution. 
Blue circles show the sintering of Pt particles; green circles show the relative distance of Pt 




4.4 Bimetallic Catalysts 
It has been reported that noble metals generally have better resistance to sintering and 
leaching than base metals such as Ni. Different stabilities against sintering and coking have also 
been observed for Pt/C, Pd/C, Rh/C, and Ru/C in guaiacol hydrodeoxygenation, with the 
supported Pt having higher activity and resistance to sintering and coking.182 While individual 
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metals have been found to have differential stability in screening of specific aqueous phase 
reactions, another method for enhancing performance has been the use of bimetallic catalysts. 
Bimetallic catalysts have been commonly reported for petrochemical and biomass conversions in 
which synergistic activity and selectivity effects were found when mixing two metals together 
such as Pd-Fe, Pd-Cu, Pd-Au, or Ir-Re catalysts.78, 146, 183-186 In addition to increasing activity and 
selectivity, incorporating a second metal into a catalyst has been shown to yield better resistance 
to sintering, leaching, poisoning, and carbon deposition due to tuned electronic properties and/or 
geometric effects.31, 184 Poisoning by biogenic impurities such as methionine was found to be 
reduced for a Ni-Au catalyst compared with a monometallic Ni catalyst based on DFT 
calculations.119 A -Al2O3 supported Pd-Au bimetallic catalyst showed better resistance against 
carbon deposition than a Pd only catalyst in the hydrogenation of triacetic acid lactone to 5,6-
dihydro-4-hydroxy-6-methyl-2H-pyran-2-one in a 1-butanol solvent during 60 hours of 
reaction.187 Recently, Ru-Sn on carbon gave stable activity no apparent sintering and leaching 
during continuous flow aqueous phase reduction of succinic acid.128 The composition and 
structure of the bimetallic catalyst may play a role in mitigating deactivation. In a study of 
aqueous phase glycerol oxidation on bimetallic Pd-on-Au/C, deactivation by poisoning was 
significant when Pd surface coverage on the Au particles was above 80% and negligible when 
below 80%.188 The presence of Au also suppressed Pd oxidation during the reaction, which is 
another deactivation mode. Development of new bimetallic catalyst synthesis methods such as 
strong electrostatic adsorption, electroless deposition and ALD have given more control of 
bimetallic particles leading to better dispersion and uniformity.186, 189, 190 More research on these 
bimetallics including both experimental and computational studies need to be done to investigate 
their improved stability especially for condensed phase reactions.  
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4.5 Embedding Metal Particles into the Support 
While common supported metal catalyst synthesis, such as precipitation, impregnation 
and colloidal synthesis procedures, usually rely on metal-support interactions to anchor metal 
particles against sintering and leaching, new synthesis methods such as embedding and 
encapsulating metal particles into the support can help to further stabilize metal nanoparticles.191-
193 The challenge is to find the right method and material for this approach. Also, it should be 
noted that embedding metal particles will inevitably bury some active sites depending on how 
deep the nanoparticles are embedded, so there is an interplay between the stability and activity of 
the metal nanoparticles as the stabilizing effect might be diminished if the embedding is too 
shallow. Previous efforts have largely focused on gas phase reactions such as the demonstration 
of Ni particles with enhanced resistance against sintering and coking when embedded in 
perovskite.194 Recently, embedded Pt nanoparticles by polyaniline coating on a carbon support 
was shown to yield stable catalytic activity over 100 hours in continuous flow aqueous phase 
hydrogenation of 2-pentanone at 200 °C.195 A Pd embedded catalyst was synthesized by using 
ZnO nanowires as a template, followed by Pd particle deposition and reduction, carbon layer 
coating from ethyl benzene, and finally HCl washing to remove the ZnO template.196 A similar 
template method was used to prepare mesoporous carbon microfibers supported Ru with porous 
alumina microfibers as the template and benzene CVD as the carbon source, which helped to 
improve the stability of the Ru particles during aqueous phase glucose hydrogenation.197 The 
subsequent catalyst showed good durability in both thermal treatment at 500 °C and the Suzuki 
cross-coupling reaction in an aqueous ethanol solution compared with Pd/CNT.197  
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4.6 Other Novel Catalyst Materials or Methods 
As catalyst stability under condensed phase and specifically aqueous phase conditions, is 
an emerging area, novel catalyst design strategies will continue to be developed. For example, a 
deposition precipitation carbonization (DPC) method was used to synthesize small niobia 
particles embedded in carbon.198 The material showed better hydrothermal stability than 
amorphous niobia as a result of suppressed niobia crystallization to larger particles. A novel 
polyvinyl alcohol over-coating of PdAu nanoparticles on -Al2O3 showed greatly improved 
resistance to a biogenic impurity during hydrogenation of triacetic acid lactone by altering the 
microenvironment near the active sites.187 The polyvinyl alcohol coating blocked methionine 
from contacting the active metal sites while allowing the reactant to pass through.  
A unique Ru/ZrO2@C derived from UiO-66 (Zr-metal organic framework material) was 
reported that showed stable activity after three recycling experiments in aqueous phase 
hydrogenation of levulinic acid, whereas Ru/C suffered from Ru leaching with severe 
deactivation (shown in Figure 8).87 Further characterization including AC-STEM and XPS 
revealed the stable activity was due to single Ru atoms interacting with nanotetragonal ZrO2 
confined by the amorphous carbon. Ligand-modified Ru particles were synthesized on TiSi2O6 
by using hexadecyl(2-hydroxyethyl)dimethylammonium dihydrogen phosphate (HHDMA) that 
showed good stability against sintering and leaching during 15 hours of aqueous phase levulinic 
acid hydrogenation at 130 °C.199 Thiolate self-assembled monolayers on Pd/Al2O3 were used to 
suppress deactivation caused by poisoning from 2-hexenal reaction product during liquid phase 




Figure 8. Stability study of (a) 5 wt% Ru/C (10 min) and (b) 0.85 wt% Ru/ZrO2@C (1 h) with 
three cycles in aqueous phase hydrogenation of levulinic acid at 140 °C, 10 bar of H2, pH=1. 




Besides these unique synthesis strategies, other factors such as catalyst synthesis process, 
precursors, interaction with reactants, and metal loadings can also affect catalyst durability. For 
example, using H2PtCl6 as the precursor was found to decrease the point of zero charge for γ-
Al2O3 and boehmite formation.61 Chloride content affected the stability of bimetallic Au-Pd/TiO2 
leading to more severe sintering and carbon deposition.201 Metal leaching and sintering can also 
be reduced by decreasing the metal loading, but will inevitably result in lower activity.71 
Different stability of Pt/γ-Al2O3 was observed when treated in an aqueous solution of biomass 
compounds such as polyols with different chain lengths.42 The polyols and the subsequent carbon 
deposition from the polyols due to acid-catalysed dehydration and condensation on the γ-Al2O3 





5. Remediation of Deactivated Catalysts 
5.1 Redispersion of Metal Nanoparticles 
 
Figure 9. Simplified scheme of redispersion on sintered catalyst. 
 
While the strategies above were directed towards stabilizing metal particles on catalyst 
supports to limit deactivation, redispersion has been applied to transform sintered metal 
nanoparticles back to a more dispersed form (Figure 9). Metal redispersion has been performed 
using different methods including; oxidation and reduction, chlorination and oxychlorination, 
thermal treatment with iodomethane, and treatment with other halohydrocarbons.203 These 
redispersion processes commonly involve forming a mobile metal species, fragmentation from 
the metal particle, migration across the support surface and then immobilization on the support. 
Metal particles such as Pt, Pd, Ru, Rh, Ir, Au, Ag, and Fe have been reported to redisperse on 
various supports such as Al2O3, SiO2, MgO, silica-alumina, TiO2, NbO2, carbon, and CeO2.203 
The focus in that work was the redispersion of supported metal catalysts for hydrothermal 
reactions, so emphasis was given to suitable redispersion strategies for support materials such as 
TiO2 and carbon. Both the support materials and the metal particles were reported to influence 
the redispersion process. For the TiO2 catalysts high temperature treatment was required. As the 
carbon catalysts are susceptible for oxidation at high temperature, a lower temperature treatment 
(< 300 °C) was used.  
A number of other redispersion studies have been reported. Gas phase tetrachloromethane 
treatment at 150 °C of an Au/carbon catalyst redispersed the Au particles from 10-20 nm to 2-5 
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nm.204 Methyl iodide gas treatment at temperatures from 150 °C to 400 °C showed a dispersion 
increase for Au/carbon, Au/TiO2 and Ni/carbon catalysts.205-207 Treatment in a gas mixture of 
methyl iodide and CO at 240 °C on carbon supported Ru, Rh, Pd, Ag, Ir, and Pt showed 
improved dispersion from metal nanoclusters to atomically dispersed metal particles that were 
immobilized by oxygen functional groups on the carbon surface.208 Liquid phase 
halohydrocarbon, including as n-iodohexane, n-iodooctane, n-bromohexane and n-bromooctane, 
treatment at 40 °C was also effective in redispersing Au/carbon catalysts.209 It is worth noting 
that irreversible leaching of metal particles was observed in both the gas phase and liquid phase 
redispersion processes with more serious leaching occurring in the liquid phase redispersion.205 
5.2 Catalyst Regeneration 
 
Figure 10. Simplified scheme of catalyst regeneration due to carbon deposition. 
 
For catalysts deactivated by carbon deposition, regeneration can be used to recover 
catalytic activity (Figure 10). Catalyst regeneration using oxidation and gasification of carbon 
deposits or coke has been extensively studied for high-temperature gas phase reactions.210 
Generally, high temperature (higher than 400 °C) is required for oxidation or gasification to 
remove carbon deposits on the active metal sites, which is suitable for thermally-stable metal 
oxide supports. However, carbon materials suffer from thermal degradation or oxidation when 
exposed to such temperatures. Oxidative regeneration at these higher temperatures can oxidize 
the carbon support itself and also sinter the supported metal phase. It has been reported that even 
reduction at 350 °C of Pd/carbon resulted in Pd particle sintering.211 Given the low thermal 
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stability, the window for suitable regeneration conditions is typically small for carbon supported 
metal catalysts.  
Recently, low temperature (equal or lower than 200 °C) in-situ oxidation in air followed 
by H2 reduction was demonstrated to regenerate carbon supported monometallic Pt and Ru 
catalysts used in aqueous phase hydrogenation of 2-pentanone without destruction of the carbon 
support or sintering of the metal particles (Figure 11).195 The full activity recovery showed that 
carbon supported metal catalysts can be regenerated at low temperature, contrary to common 
regeneration dogma that high temperatures (higher than 400 °C) are required. This low 
temperature regeneration condition is ideal for carbon materials as it obviates the oxidation of the 
carbon support material itself. H2 reduction alone was found to be ineffective to fully recover 
catalytic activity (Figure 11), which agreed with previous attempts to regenerate catalysts merely 
with H2 reduction.92, 93 The in-situ regeneration method also allowed rapid recovery of catalytic 
activity in a continuous flow fixed bed reactor, which confirmed the importance of carefully-
chosen regeneration conditions to fully recover activity without negatively affecting the catalytic 
material. As carbon materials start to oxidize and metal particles begin to sinter at around 300 




Figure 11. Continuous flow aqueous phase hydrogenation of 2-pentanone on 1% Ru XC72R at 
150 °C (a), 100 °C (b), 50 °C (c). The full recovery of catalytic activity was due to in-situ 
regeneration including air oxidation at 200 °C for 30 min and H2 reduction at 180 °C for 30min. 




Another approach proposed for catalyst regeneration is dissolution of carbon deposits or 
poisons. Carbon deposits during liquid phase dimethyltetrahydronaphthalene dehydrogenation to 
dimethylnaphthalene on Pd/carbon were reported to be removed by polar organic solvents such 
as methanol and acetone in a temperature range from 20 to 150 °C.212 Carbon deposits during 
aqueous phase 2-pentanone hydrogenation were found to be soluble in DMSO.195 This solvent 
washing can be applied for periodic in-situ regeneration. Alternatively, preliminary work has 
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suggested that using a co-solvent with water may help to supress carbon deposition during 
aqueous phase reactions.  
6. Reaction Condition Optimization 
While synthesizing new materials designed for hydrothermal stability reveal potential for 
improving performance, optimizing reaction conditions can also enhance catalyst durability as 
shown in Table 4. Process parameters such as temperature, pressure, reactant concentration, pH, 
flow rate, hydrodynamics, different reactant form, and solvent mixture can have significant 
effect on catalyst lifetime.140 Deactivation mechanisms such as support collapse, sintering and 
leaching, and carbon deposition are generally dependent on reaction temperature. For example, 
as shown in Figure 11 carbon deposition was found to decrease with temperature for aqueous 
phase hydrogenation of 2-pentanone on Ru/C.195 Re leaching was found to be significant on Re-
Pd/TiO2 when heating in an aqueous solution under Ar, but the leached metal redeposited onto 
the supported metal particles when changed to a H2 atmosphere.84 Metal leaching may also be 
reduced by increasing H2 transfer in solution such as increasing H2 pressure and improving 
mixing.71 In ethylene glycol aqueous phase reforming on Ni/CNF (Ni supported on carbon 
nanofibers), sintering of Ni was the main deactivation mechanism.213 However, the Ni sintering 
was found to be suppressed by changing reaction conditions with an effectiveness order of 
increase in pH > increase in ethylene glycol concentration > increase of H2 pressure.213 An 
increase in pH by KOH addition was especially effective due to suppression of Ni oxide 
formation and reduced solubility of Ni at a pH above neutral.213 Hydrodynamics can affect the 
mass transport of reactants and wetting of the catalytic surface in aqueous phase reactions under 
gas atmospheres. Deactivation caused by over-oxidation of metal was found dependent on the 
gas and liquid flow rates and cycling between oxygen and an alcohol solution during aqueous 
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phase ethanol oxidation.214 Cu leaching was observed for Cu/Al2O3 and Cu/ZrO2 during levulinic 
acid hydrogenation in water and methanol.86 The leaching was not detected when the reactant 
was changed from levulinic acid to methyl levulinate as levulinic acid led to Cu complex 
formation.86 
Addressing unintentional contaminates can also be important for ameliorating 
deactivation.71 The removal of biogenic impurities by purification or guard bed before catalytic 
bed had been reported to help improve catalyst durability against poisoning.116 Stainless steel is 
commonly used as a reactor material. However, Ni leached from a stainless steel reactor during 
aqueous phase reactions was found to form Ni-Sn on carbon supported bimetallic Ru-Sn 
particles leading to deactivation, which required special coating on the reactor to be 
eliminated.128 Hydrothermal conditions with different pH values may also cause corrosion of the 
reactor materials, so they need to be taken into consideration.215 Alternatively, new reaction 
systems could provide longer catalyst lifetime. For example, electro-catalytic aqueous phase 
hydrogenation of muconic acid even in a fermentation broth showed good resistance to  
poisoning by the biogenic impurities.216 
While careful control of process conditions can diminish catalyst deactivation, process 
conditions are usually optimized for other factors such as separation cost and production rate. 
For example, a dilute reactant aqueous solution may help to reduce carbon deposition and 
leaching, but will inevitably increase the separation cost compared to concentrated solutions.21, 
217 Interestingly, other research found that an increase of reactant concentration in aqueous phase 
reforming resulted in higher resistance to Ni sintering for Ni/CNF due to decreased surface 
coverage of adsorbed water.213  
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Table 4. Some reactor and process parameters and their effect on the hydrothermal stability of 
supported metal catalysts.  
 
Parameter Effect 
Temperature Deactivation is likely to be slower when reaction was 
performed at low temperature 
Gas atmosphere and partial pressure The reaction gas atmosphere can help to improve 
catalyst durability such as reducing metal 
restructuring, sintering, leaching or over-oxidation. 
pH and co-solvent The adjustment of solution pH or co-solvent besides 
water can help to reduce deactivation such as carbon 
deposition, poisoning, and leaching. 
Flow rate and hydrodynamics Catalyst deactivation such as leaching may be 
different in batch reactor and flow reactor, or with 
different flow rates. Metal oxidation state may also 
be influenced by hydrodynamics. 
Reactant form and concentration Diluted reactant solution or changed reactant form 
such as ester instead of acid can help reduce metal 
leaching. 
Reactor design and material Leaching of certain reactor material may cause 
restructuring of active metal sites. Catalyst guard bed 
may help reduce poisoning. 
 
7. General Considerations for Hydrothermal Stability Studies 
Although initial performance results are valuable, catalyst development must ultimately 
include stability as an essential performance metric for useful application. Here are some general 
considerations for developing stable catalysts for hydrothermal reactions:  
- Catalyst stability should not be viewed as merely a minor afterthought in catalytic material 
development and performance testing research. Optimizing for activity and selectivity in 
material development can lead to selection of catalysts that are not useful under relevant 
biomass conversion conditions.  
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- Hydrothermal stability is directly related to the reaction conditions. Different applications may 
require different strategies to improve catalyst stability. Importantly, combined strategies may 
be required to achieve a stable catalyst as shown in a recent study in which a Ni-Mo on MgO 
catalyst was stabilized for 850 hours of operation against sintering and coking in methane dry 
reforming by a combination of a bimetallic particles and single crystalline MgO.218  
- More than one type of deactivation can occur under hydrothermal conditions. It is important to 
address each deactivation mode and determine the major deactivation mode for catalyst 
durability testing.96 A good catalyst design strategy may mitigate several types of deactivations 
simultaneously.  
- Catalyst stability is commonly linked with activity and selectivity. Therefore, some strategies to 
improve catalyst lifetime will require compromise in activity or selectivity. The trade-off and 
overall catalytic performance of activity, selectivity and stability should be evaluated carefully 
and optimized to achieve the best overall performance.   
- While hydrothermal reaction conditions may limit in-situ characterization of catalyst property 
evolution, catalyst characterization after reaction is especially important in stability studies to 
examine any changes in the catalyst properties.  
- In many research studies, durability results are too often reported at or near 100% conversion in 
either repeated batch reactions or flow reactions. Unfortunately, limited deactivation 
information can be obtained as these conversion levels since it could merely be due to the use 
of excess catalyst. This effect can be seen in Figure 12,  where Ru/C showed an apparent 
constant activity at complete conversion in liquid phase levulinic acid hydrogenation (red bar), 
but the catalyst was actually not stable (brown bar) when evaluated at the more appropriate 
lower conversion testing.219 Intermediate conversion levels should be selected to test for 
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catalyst deactivation as this eliminates dependence on the amount of catalyst. Ideally, this 
testing would be in a continuous flow reactor for most rigorous screening.  
 
Figure 12. Recycling test on Ru/C, Ru/TiO2, and Ru/ZrO2 in levunilic acid hydrogenation at 
complete and intermediate conversion. Reprinted from reference.219 Copyright 2016 American 
Chemical Society. 
 
- When possible, benchmark comparison with a commercial catalyst should be included in the 
stability study as many of these studies across research groups are performed at different 
conditions. A stability comparison with a benchmark commercial catalyst would allow for 
more direct performance comparison amongst different research groups thereby enhancing the 
contribution of a research study. 
- In condensed phase reactions with a soluble gas reactant, mass transfer limitation of the 
reaction can readily occur. Therefore, when screening for stability and deactivation 
mechanisms it is important to appropriately account for the interplay between intrinsic kinetics 
and mass transfer. 
- Examining the relationship between stability and intrinsic activity requires determination of the 
turnover frequency (TOF) or site time yield, which are based on the number of active sites.220 
A catalyst may deactivate due to a change in the number of active sites or accessibility of the 
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active sites, but it is challenging to measure the number of active sites and TOFs during 
reaction either in flow or batch mode. Evaluating the TOF with the initial and final number of 
active sites on the fresh and spent catalyst at least gives a starting point for this comparison. 
This comparison can be used to determine whether the deactivation is caused by a change in 
intrinsic activity.  
- In deactivation studies of supported metal catalysts, it is important to analyze metal particle size 
by complementary techniques such as chemisorption, XRD and TEM analysis as each 
technique has limitations and advantages. Chemisorption is a useful analysis, but can suffer 
from adsorption stoichiometry assumptions and, in the case of hydrogen, on hydride formation 
and spillover. XRD is a bulk technique, but is limited when the metal particles are small (high 
dispersion) or non-crystalline. Recently, the XRD detection limit was pushed to 1-2 nm 
particles using a solid state Si slit detector, which had only been achieved previously using 
synchrotron XRD.221 TEM analysis looks at local morphology and distribution of metal 
particles. However, it can suffer from representation issues, which necessitates sufficient TEM 
images and particle counts as to get a statistically representative particle size distribution. In 
our research, at least ten TEM images were taken and more than 250 particles counted for the 
particle size distribution analysis. Both decorative carbon and chloride have been observed on 
metal particles on carbon supports that originated from catalyst preparation, leading to a 
discrepancy of metal particle size as determined from chemisorption and STEM/XRD 
analysis.211, 222 Simple oxidation at low temperature (below 300 °C) was able to remove the 
decorative carbon. While it is imperative to reduce supported metal catalysts before aqueous 
phase reactions, it is a good practice to perform low temperature oxidation before in-situ 
reduction to remove any decorative carbon on the metal sites. Unfortunately, the remaining 
49 
 
chloride survived the low temperature oxidation, so special attention should be considered 
when using chloride precursors during catalyst synthesis.222  
- While titania and carbon show promising durability under hydrothermal conditions, many 
reactions require specific acidity and porosity such as provided by zeolitic materials. Acidic 
and basic functionalization of carbon materials have been explored for some reactions such as 
esterification and isomerization.223, 224 However,, the unique acidity and porosity of zeolitic 
materials cannot be replaced under certain conditions, which may necessitate development of 
novel methods such as some of those discussed above.   
8. Conclusions 
Further development and scale-up of biomass conversions require robust and stable 
supported metal catalysts for aqueous phase reactions. In this review, the hydrothermal stability 
of common catalyst support materials was first discussed. While zeolite, silica, alumina, and 
zirconia are not generally stable under hydrothermal conditions, titania and carbon materials 
show promising durability. Deactivation mechanisms were reviewed including support 
hydrolysis or collapse, leaching, sintering, carbon deposition, and restructuring of active sites. 
Different strategies to improve the hydrothermal stability of the catalyst have been reported 
including support coating by CVD, ALD, or sugar pyrolysis, overcoating on supported metal 
catalysts, increasing the metal-support interaction by SMSI, heteroatom doping and surface 
modification, bimetallic catalysts, embedding metal particles and other novel catalytic material 
or methods. It is important to evaluate the overall catalytic performance including stability as 
well as activity and selectivity under relevant biomass conversion conditions. Of note is that 
catalytic stability performance is commonly in a close relationship with the holistic catalytic 
process including reactor design, process parameters such as feedstock purity, concentration, 
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temperature, pressure, pH and many other parameters. In addition to designing for stability, 
regeneration and redispersion of deactivated catalysts are valuable to consider for recovering 
catalytic activity in aqueous phase reactions. More research is needed for understanding 
deactivation mechanisms and developing supported metal catalysts for improving catalyst 
lifetime in aqueous phase reactions. Of particular promise are carbon materials that have shown 
to be hydrothermally stable catalyst supports with their potential of surface modification to 
anchor metal particles and mild regeneration conditions to recover catalytic activity. However, 
more research, such as how does the specific carbon surface functional groups affect the 
durability of the metal particles and strategies of embedding metal particles, are needed to fully 
utilize these materials as catalyst supports.  
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